Abstract: Construction industrialization is growing rapidly and has received significant attention worldwide in recent years. The industrialization of construction results in several benefits, including the promotion of sustainable construction and the development and application of prefabrication techniques. The Prefabricated Rebar Cage (PRC) is an emerging solution applied to high-rise buildings as a replacement of the In-situ Reinforcing Bar (ISRB) construction method. This paper investigates the cradle-to-site carbon emissions of PRC, and compares the results with those of conventional in-situ rebar construction methods for high-rise buildings. The cradle-to-site cycle is divided into three stages, namely, material preparation, transportation, and on-site construction. For the material preparation stage, it is found that CO 2 emissions are increased by 3% when using PRC due to the operation of machinery during the prefabrication process. In the transportation stage, CO 2 emissions are found to increase by 3.3 times for PRC, as there is more transportation required for PRCs than for conventional construction methods. During the on-site construction stage, the PRC method demonstrates its advantages by reducing CO 2 emissions by 44.7%, which is attributed to decreased hoisting frequency and lower mechanical utilization for fewer joining activities. Overall, CO 2 emissions can be reduced by 1.24% by adopting the PRC method for high-rise buildings, and it is therefore recommended to adopt PRCs for this purpose. This research studies carbon emissions of PRC and contributes to promoting the sustainable development of prefabricated building techniques.
Introduction
A bulletin, issued by the Ministry of Environmental Protection of the People's Republic of China (MEP) on December 18, 2016 , highlighted the severe environmental problems caused by the heavy pollution in large urban cities located in the central and eastern parts of China, and stated that the average pollutant concentration levels were becoming worse in 71 cities. One of the major environmental problems is attributed to greenhouse gas (GHG) emissions, of which carbon dioxide is the most important anthropogenic contributor [1] . The fifth assessment report of the Intergovernmental Panel on Climate Change (IPCC) states that "if no action is taken, global warming will exceed 4 degrees Celsius" [2] . Meanwhile, in the International Energy Agency (IEA) research report, China has been named as the world's largest carbon emitter, accounting for approximately 21% of the total global Prefabricated assembly is one of the most important developments in energy-saving buildings, as it can reduce construction waste by 52% and save 70% of timber formwork [21] . With the benefits of low carbon emissions and energy consumption, precast technology has been applied in China for about twenty years. It is generally accepted within the construction industry that precast concrete elements of buildings are manufactured in factories, including those for facades, staircases, garbage chutes, slabs, balconies, kitchens, etc. Almost all indicators and data systems, i.e., prefabricated rate, are also based on precast concrete elements. The limitation of this process is that it restricts the development of industrialized construction technology in the field of reinforcing bars (rebar) on site. For this reason, the technological system for an innovative PRC for the shear walls, floor slabs, and coupling beams can be prefabricated off-site and then transported and placed on site, eliminating the use of extra energy and costly labor associated with cutting, bending, and tying steel bars in traditional rebar construction. The system was applied to a high-rise building located in Nanjing city, as illustrated in Figure 1b . PRC converts the conventional reinforcing bar binding work on-site (see Figure 1a ) to precast reinforced welded mesh, especially for shear walls and slabs, in order to increase fully-automatic production and achieve material wastage reductions in the precast yard (see Figure 2b ). PRC is a factory-made reinforcement solution which can meet the various requirements of developers through customization. It is fabricated using machines or jigs. The manufacturing process includes mechanical bending, automatic welding, binding and cutting. All the work is completed without using a wire cutter in a factory-controlled environment, as indicated in Table 1 . Compared to current on-site construction methods, a large proportion of on-site work on reinforcements is undertaken by automated manufacturing in factories using PRC systems. As a result, a detailed assessment of the differences will help to find more carbon reduction potential of the new technology and to further promote the industrialization of reinforcement. Life Cycle Assessment (LCA) is a world-wide technique for assessing the potential environmental aspects and potential aspects associated with a product (or service) [22] . LCA involves cradle-to-grave analyses of the full life cycle, from extraction to the disposal phase, while partial LCA considers a partial product lifetime, such as cradle-to-gate, cradle-to-site, etc. Yet, most studies tend to be centered on the full life cycle rather than just the construction phase [23] [24] [25] , as carbon emissions in the operation phase often account for the highest proportion [2] . However, it must be emphasized that the environmental impact caused by CO 2 emissions from material production and site construction processes are unlikely to ease off, and may even expand with building life span. Zhang et al. [26] suggested that although the carbon emissions at the operational stage accounted for approximately 82% to 86% of total emissions, the control of carbon emissions during the cradle-to-site life cycle stages also played an important role in relieving environmental pressures. The cradle-to-site life cycle accounts for a significant part of the construction industry, and the construction phase is when most energy and materials are consumed [27] [28] [29] [30] . During this phase, carbon emissions occur during the production, transportation, manufacture, and assembling of the construction components of buildings [31] . The on-site construction method is an important source of carbon emissions, mainly due to the high fuel consumption of heavy equipment for transportation and the energy consumed by manufacturing. As a result, the carbon sources in material, scaffolding equipment, and the workforce should not be overlooked. Wong et al. [32] and Dong et al. [12] compared the carbon emissions of the precast and cast-in-situ method; their research focused on the public and private residential building sectors over the last decade. Foraboschi P. et al. [33] assessed the total energy of tall buildings with reinforced concrete structures, and indicated that the control of the total energy of a structure is of great importance to the sustainability of tall buildings. Kim et al. [34] applied a process-based cradle-to-site life cycle assessment methodology to analyze the environmental impacts resulting from two rebar delivery systems.
According to previous studies, the research of prefabrication focused more on precast concrete components that are finished in the factory. There are few studies on the LCA impact of the system applied with half-precast technology such as the PRC. Therefore, the LCA impact for innovative prefabrication techniques applied to high-rise buildings requires further study; this would help to explore the carbon reduction potential of new construction technology, especially for the cradle-to-site stages. What's more, comprehensive research to investigate the carbon emission reductions from the use of rebar construction technology through the application of cradle-to-site LCA has yet to be carried out.
In order to assess the LCA impacts of emerging rebar technology, the present research aims to identify the life cycle of PRC structural buildings, to evaluate the environmental performance of innovative PRC technology, to compare carbon emissions for PRC construction technology with the conventional In-situ Reinforcing Bar (ISRB) construction method, and to propose solutions for carbon reductions. The research object is a high-rise building. The Life Cycle Assessment (LCA) method is applied to calculate the "cradle-to-site" carbon emissions. The comparison is based on three stages, i.e., preparation of construction materials stage, transportation stage, and on-site construction stage; three types of structural components, i.e., shear walls, slabs, and beams; three resources, i.e., workforce, material, and machinery; and two scenarios, i.e., ISRB and PRC. The proposed carbon reduction-driven LCA of the innovative rebar technology significantly promotes the sustainability of high-rise buildings.
Research Methodology

LCA Framework
The LCA approach is fundamental in calculating the overall impact in terms of carbon footprint and it is an effective solution for minimising the environmental impact. Figure 3 considers the prefabrication process for PRC components and demonstrates three stages of the cradle-to-site life cycle (materials preparation stage, transportation stage, and on-site construction stage) for a high-rise building. Some studies replace the "materials preparation" by the term "manufacturing", such as the work by Penadés-Plà et al. [35] , but the concept is the same. and it is an effective solution for minimising the environmental impact. Figure 3 considers the prefabrication process for PRC components and demonstrates three stages of the cradle-to-site life cycle (materials preparation stage, transportation stage, and on-site construction stage) for a high-rise building. Some studies replace the "materials preparation" by the term "manufacturing", such as the work by Penadés-Plà et al. [35] , but the concept is the same. The LCA framework for high-rise buildings is shown in Figure 3 . The construction materials preparation stage indicates (i) the conversion of raw materials (mine) to structural components, including reinforcing bar, among others; and (ii) the use of factory-manufactured reinforcing bars to prefabricate rebar cage components (shear wall, floor slab, beam). The transportation stage includes the arrangement of transportation tools, transport distances, and transport loads, all of which are essential factors in the control of carbon emissions for this stage. The main components used during the on-site construction stage are the workforce, machinery, and repetitive use of temporary structure, such as scaffolds; this is a vital stage for the foundation construction and component assembly of the studied high-rise building.
The comparisons between the construction technology for the PRC structure and the ISRB structure are conducted through analysis methods of the LCA framework in order to explore the influence of the PRC construction technology on CO 2 emissions control. The comparison scenarios and construction methods of PRC and ISRB are demonstrated in Table 2 . The manufacturing process of shear walls using the ISRB and PRC methods is presented in Figure 2a ,b. The detailed scenarios and boundaries of the systems are depicted in Figure 3a ,b. 
LCA Inventory
In LCA modelling, the combination of specific site data and existing databases is usually inevitable, although the ideal LCA model should be based entirely on specific site data, which requires a considerable amount of time and energy to collect data from stakeholders [22] . As a result, in this work, both data sources are used.
There are various approaches to collect site-specific data, as summarized in Table 3 . Documentation was used to gather information about the annual energy consumption for PRC production from the manufacturer. A factory visit was arranged to observe the manufacturing process for PRC, and detailed information about the labor and machining parameters for the studied project was collected. Semi-structured interviews were conducted by the factory manager for further validation of the calculation results. Various information related to on-site construction work was primarily collected from documentation of the case study project, including overall transportation method, precast yard location, rebar assembling steps and activities, main machinery and equipment, energy sources and consumption, and scaffolding quantities on the construction site. The transportation distance between the factory and construction site for rebar materials and precast rebar elements were estimated using Google maps. The interview from the contractor and subcontractor was conducted to validate the results. Additional information, i.e., stage plans, building and construction drawings, and the developer's annual report, was collected. The floor layout and design of the PRC were used to calculate the quantities of reinforcing bars for the case study building.
CO 2 Emission Factors for Fossil Fuels
The major CO 2 emission factors for fossil fuels are available from the authoritative database in China. The CO 2 emission factor (EF) is calculated using Equation (1) . The net calorific value (NCV) is provided by the General Principles for Calculation of Total Production Energy Consumption (GB/T 2589-2008). Specific carbon contents and oxidation factors can be found in the Provincial Greenhouse Gas Inventory Guidelines (1041 [2011] of the General Office of the Climate Development and Reform Commission). The CO 2 emission factor (3.18 kg CO 2 /kg) for commonly-used diesel oil was listed by Chen C. [36] .
Referring to CO 2 emissions data provided by China's regional power grid, the CO 2 emission factor for electric power of Nanjing (the capital city of Jiangsu province, located on the East China Power Grid) is 0.6826 kg CO 2 /kWh, as presented by Yin S. C. [37] [38] . Yu proposed that in the construction industry with physical labor, each worker consumed about 1175 kilocalories of energy in 8 h. More specifically, according to the national physical labor intensity grading standards (GB3869-83), Chen et al. [39] found that the average metabolic rate of a worker engaged in rebar-related work, whose body surface area is about 1.5695 m 2 , is 2.1267 kcal/min·m 2 . If the net working time in 8 h is 359 min for one rebar worker, 1198.29 kcal of energy is consumed in a day, which is equivalent to 5 MJ when using the conversion factor of 0.00418 MJ per kcal in China. Based on a conversion rate of 3.6 MJ per kWh, one rebar worker will generate 0.95 kg of carbon emissions per working day (8 h). Table 4 ). [40] Note: the recycling rate of building materials is considered in the items marked *. According to the energy consumption for various machine-shifts provided by the National Unified Expense Quota Items of Construction Machine-shifts, the CO 2 emission factors of machinery should be coupled with the fossil fuels database. The carbon emission factors for construction machinery commonly used in China were listed by Yin S. C. [37] .
Life Cycle Impact Assessment
The life cycle impact assessment is a key step in explaining the potential impact of each process, activity, or component of a product on the environment. It is a relative evaluation method based on functional units to provide environmental data or information support to decision makers [41] . The indicator is the carbon dioxide equivalent (CO 2 eq). The analysis presented in this paper mainly focuses on fossil-based carbon emissions, as the CO 2 emissions from a high-rise building are primarily produced by the combustion of fossil fuels, while other impact categories, such as biogenic carbon and carbon from land transformation, are negligible in this study.
The established analytical framework for the LCA assessment of traditional buildings [26, 42] is suitable for the PRC case study. Based on the energy consumption estimated for the prefabrication process, the present research optimizes the current framework. As mentioned before, three phases are defined for the calculation of the cradle-to-site life cycle carbon emissions for a high-rise building, to which a unified Equation (2) can be applied.
where E cts represents the total carbon emissions for PRC construction technology applied to the high-rise building cradle-to-site life cycle; and E m (material preparation emissions), E t (transportation emissions), and E c (site construction emissions) represent the carbon emissions of the three stages mentioned in Section 2.1, respectively. Specific methods and equations for this concept are presented in the following sections.
Material Preparation Emissions (E m )
As the same structural design is applied in both construction methods, and similar composition of materials are used for both types of construction, the material embodied emissions (E me ) are not described in detail in the calculation scope when considering prefabrication emissions (E p ). More importantly, since scaffolding can be used repeatedly, the carbon emissions for its preparation should be allocated based on the turnover frequency for each project. In general, steel products can be used 50 to 100 times [43] .
where E m represents the carbon emissions for material preparation; E me represents the material embodied emissions (for material preparation stage which is replaced by product stage "A1-A3" in Annex 57 of the IEA) [44] ; and E p represents the prefabrication emissions, including carbon emissions for prefabricating PRC shear walls, PRC floor slabs, PRC beams, and other auxiliary components, respectively. As mentioned before, PRC components are fabricated in the precast yard. The carbon emissions of prefabrication depend on the complexity of the manufacturing process. The more that production runs in a standard manner and minimizes specially-shaped components, the greater the reduction of carbon emissions at the prefabrication stage. Structural components are considered as the primary construction materials in the study, while auxiliary components required for on-site construction are also considered, as they have a direct relationship to the construction project. The calculation method for E p is based on the energy consumption and carbon emission factor of a specific production process, as follows:
where P a and P b represent the rated power of the machines used in type a and type b production processes, respectively; T a and T b represent the working time of type a and type b production processes, respectively; EF e represents the carbon emission factor of electricity consumption in the precast yard; EF b represents the carbon emission factor of type b energy consumption in the precast yard; and N c represents the number of all structural components, including shear wall PRC, floor slab PRC, beam PRC, and auxiliary components.
Transportation Emissions (E t )
The specific process of transportation includes three phases: (1) the first vertical transport or lift from factory to trucks; (2) the horizontal transport from factory to construction site; and (3) the second vertical transport from trucks to construction site. Transportation emissions are primarily dependent on the arrangement of transport planning, including (1) transport equipment with appropriate energy consumption of fuels such as diesel oil; and (2) rational arrangement of transport routes. The equation for transportation emissions (E t ) is expressed as
where E v1 represents the carbon emissions of the first vertical transport, E h represents the carbon emissions of the horizontal transport, and E v2 represents the carbon emissions of the second vertical transport. E v1 and E v2 can be calculated according to Appendix A (Equation (A1)). E h can be assessed with reference to the categories of transport method described by Appendix A (Equation (A2)). It should be noted that due to the same vehicle route for transporting materials and components, phases (1) and (3) are given the same importance, since PRC is produced by rebar manufacturers. The main differences between the two types of materials in phase (2) are related to the volume of materials transported, which is limited by local requirements. PRC components require more cargo space, which results in additional transportation journeys. The loss rate stays low due to the minimal loss quantities.
In China, the typical construction mode of transport is a diesel truck. According to the China Statistical Yearbook [45] , the diesel consumption of a loaded diesel truck is 6.3 × 10 −2 L/(t km). Furthermore, trucks are typically empty when returning from construction sites, so their fuel consumption can be assumed to be two-thirds of 6.3 × 10 −2 L/(t km) [46] . Thus, the total fuel consumption for trucks can be calculated as 1.67 × 6.3 × 10 −2 = 10.52 × 10 −2 L/(t km). The energy density of diesel fuel is 0.85 kg/L. Therefore, the synthetic fuel consumption for trucks can be calculated as 0.85 × 10.52 × 10 −2 = 8.94 × 10 −2 kg/(t km). Consequently, the carbon emission factor for diesel trucks is 28.43 × 10 −2 kg CO 2 /(t km).
On-site Construction Emissions (E c )
The measurement range of the carbon footprint defined by European Network of Construction Companies for Research and Development (ENCORD) is made up of three components: direct carbon emissions, indirect carbon emissions, and other indirect carbon emissions. According to the classification and calculation method of carbon sources in this standard, carbon source analysis is carried out in the context of construction methods in China. Carbon emissions during the on-site construction stage, E c , primarily consist of two parts: direct space carbon emissions (E i1 ) and indirect space carbon emissions (E i2 ). The detailed equation is as follows:
Direct space carbon emissions mainly come from energy consumption during the construction process. This analysis, with large amounts of process data, is closely related to site building activity such as connecting joints. E i1 can be determined as follows:
where E i1−1 represents carbon emissions for all construction procedures in the conventional construction method; n represents the total number of construction process types; P j represents the rated power of the machines used in type j construction process; T j represents the working time of type j construction process; EF j represents the carbon emission factor of type j energy consumption on the construction site.
As for the prefabrication method, CO 2 emissions (E i1−2 ) during the assembly process for a high-rise building can be accurately computed according to the site data collection. As a result, the carbon emissions of assembly machinery for joining, welding, and cutting can be assessed effectively during the on-site construction phase.
where E i1−2 represents carbon emissions for all construction procedures applying with the prefabrication method; Q l represents the quantity of type l joints for an assembly component; P l represents the rated power of the machines used in type l assembly process; T l represents the unit working time of type l assembly process such as joining, welding, cutting of type l joint; and EF ec represents the carbon emission factor of electricity consumption in the construction area. According to Equation (5b), the quantity of joints and the joining, welding, bending, and cutting time are critical factors for carbon emissions control during the site construction stage. Decreasing the quantity of joints and optimizing the assembly process for PRC construction technology are the two primary methods to achieve improved assembly efficiency. Indirect space carbon emissions (E i2 ) are emitted in the staging area around the building, where vehicles, equipment, or material are assembled or processed before use. The analysis of this process data is indirectly related to the site building activity. The emissions include three components, namely, transport vehicles on the construction site (E tc ), construction machinery operation (E o ), and provisional measures (E pr ). Accordingly, E i2 can be described by the following equation:
Truck operations and diesel for transport vehicles can be assessed effectively on site, and the carbon emissions attributed to electricity can be directly calculated or estimated according to the project budget. As in Equation (4), E tc represents transport vehicles on the construction site. Moreover, the carbon emissions for provisional measures (E pr ), including lighting and power supply, can be estimated based on energy consumption records of high-rise building construction projects. E m−p represents the carbon emissions for machinery operation used for the second processing of materials or components on a designated location. E m−p can be accurately calculated according to the site data. For both ISRB and PRC construction methods, the process emissions (E m−p ) are equal for Equation (5a) and Equation (5b). E lift represents the carbon emissions from the operation of machinery used for lifting materials or components.
E li f t−1 represents the carbon emissions from lifting all materials in the conventional construction method; n represents the total number of lifting process types; P g represents the rated power of the lifting machines used for type g material; and T g represents the working time for the lifting process of type g material.
As for the prefabrication method, P c represents the rated power of the machinery used in the component lifting process; T c represents the working time for the component lifting process; and EF ec represents the carbon emission factor of electricity consumption on the construction site. In China, the machine-shift is normally defined as an 8-h shift per day for the operation of machinery. According to in-situ construction data statistics, the material was lifted and transported between 1.1 and 1.6 times per m 2 [47] in relation to building function, lifted load, floor height, and lifting position.
Generally, the carbon emissions from the workforce are rarely considered in the general carbon emission measurement of buildings; however, the carbon emissions from the workforce should be included in the LCA inventory considering the large number of workers on site. The workforce can be categorized as laborers and the skilled workers. A detailed equation for E wk can be expressed as
where E wk represents the carbon emissions of workers with basic construction skills; n represents the total number of material types; U wk−i represents the quantity of workers for a unit volume of type i material; C i represents the volume of type i material in the construction process; and EF wk represents the carbon emission factor of worker energy consumption for the RC construction method. In the case of the PRC method, carbon emissions during the construction process can be accurately estimated based on the site workforce records. As a result, the workforce emissions (E t−wk ) are calculated using the following equation:
E s−wk represents the carbon emissions from skilled workers with industrial assembly techniques on the construction area; U s−wk represents the quantity of trained workers for a unit volume of structural components; C c represents the volume of structural components; and EF s−wk represents the carbon emission factor for skilled workers' energy consumption using the PRC construction method.
Case Study
A 27-storey high-rise building in Nanjing, non-seismic area in China, is used as a case study for the proposed research framework, and to compare the carbon emissions from PRC and cast-in-situ RC. This project has a gross floor area (GFA) of 16,360 m 2 , with 8 apartment units per floor. The layout plan of a typical floor is displayed in Figure 4 . The project adopts PRC for the modular construction of structural elements including shear walls, slabs, and beams. A 27-storey high-rise building in Nanjing, non-seismic area in China, is used as a case study for the proposed research framework, and to compare the carbon emissions from PRC and cast-in-situ RC. This project has a gross floor area (GFA) of 16,360 m 2 , with 8 apartment units per floor. The layout plan of a typical floor is displayed in Figure 4 . The project adopts PRC for the modular construction of structural elements including shear walls, slabs, and beams. The processes for ISRB and PRC construction methods (refer to Section 2.1 for the description of methods) are different (see Table1) , as demonstrated in Figure 2a and Figure 2b . For the ISRB method, this study considers the initial stages of raw material preparation and material production, transportation, and on-site construction. In order to obtain the required structural strength, the cast-in-situ concrete is produced by tying reinforcing bars (rebar) and casting concrete in a timber formwork after the assembly of scaffolding.
The PRC method follows the construction process of the traditional ISRB structure. The precast yard is situated in Nanjing，Jiangsu Province，China. PRC structure component processing is conducted in the ISRB material production factory, including reinforcing mesh and customized floor deck, which are transported to the construction site for assembling and in-situ casting. For the floor slabs, the concrete mix, the PRC parallel truss, and precast reinforcing meshes are then poured into the mold on site. The site installation process includes the local welding of PRC trusses to the longitudinal and transverse reinforcements in a staging area around the building.
During the first stage, the model is set up to compare the two construction methods based on the materials required for all floors. The set-up for MP-ISRB (material preparation for in-situ reinforcing bar) differs from that for MP-PRC (material preparation for prefabricated rebar cage) in relation to the processing of the materials (Table 5 ). In the prefabrication process, the automatic rebar tying machine is driven by battery, which has a charging current of less than 100 mA; thus, the energy consumption can be negligible. Moreover, unlike traditional 2D parallel trusses, 3D rebar trusses have better stress performance and can be produced by automatic machinery.
Scenario MP-ISRB also includes the interior and exterior scaffolding, while scenario MP-PRC includes the first mentioned of the two. In the case study, 1,393 kg of steel tubes and 270 kg of steel couplers for double-pole scaffolding were utilized for a unit area of 100 m 2 . The detailed scaffolding material is given in Table A1 of the appendix. As scaffolding can be used repeatedly, its turnover frequency for each project should be taken into consideration when calculating the carbon emissions. The processes for ISRB and PRC construction methods (refer to Section 2.1 for the description of methods) are different (see Table 1 ), as demonstrated in Figure 2a ,b. For the ISRB method, this study considers the initial stages of raw material preparation and material production, transportation, and on-site construction. In order to obtain the required structural strength, the cast-in-situ concrete is produced by tying reinforcing bars (rebar) and casting concrete in a timber formwork after the assembly of scaffolding.
The PRC method follows the construction process of the traditional ISRB structure. The precast yard is situated in Nanjing, Jiangsu Province, China. PRC structure component processing is conducted in the ISRB material production factory, including reinforcing mesh and customized floor deck, which are transported to the construction site for assembling and in-situ casting. For the floor slabs, the concrete mix, the PRC parallel truss, and precast reinforcing meshes are then poured into the mold on site. The site installation process includes the local welding of PRC trusses to the longitudinal and transverse reinforcements in a staging area around the building.
Scenario MP-ISRB also includes the interior and exterior scaffolding, while scenario MP-PRC includes the first mentioned of the two. In the case study, 1393 kg of steel tubes and 270 kg of steel couplers for double-pole scaffolding were utilized for a unit area of 100 m 2 . The detailed scaffolding material is given in Table A1 of the Appendix B. As scaffolding can be used repeatedly, its turnover frequency for each project should be taken into consideration when calculating the carbon emissions. During the second stage, the model is set up to analyze the influence of the energy consumption of machinery used for transporting ISRB materials and PRC components. Transportation distances are estimated using Google maps. The rated loads of the machinery and transport distances remain unchanged for the hypothetical scenarios. Proper load securement to ensure the safe transportation of building materials is based on the data collected for cast in-situ construction. The transportation details are provided in Table 6 . Table 6 . Model set-up for T-ISRB (transportation for in-situ reinforcing bar) and T-PRC (transportation for prefabricated rebar cage). During the site construction phase, the model is set up to compare the two methods based on workforce and machinery in a site-controlled environment. Scenario OC-ISRB is hypothetical to replace the PRC construction method with ISRB. The consumption of electricity and fuel is then revised based on the data collected from cast in-situ construction. As a result, the difference of the construction technology between the ISRB and the PRC structure regarding the three types of main components stated above can be reflected. Tables 7 and 8 provide the set-up for the three structural components, as well as the parameters for the workforce and machinery. Site construction emission inputs are listed in Table A2 of the Appendix B. Table 9 provides the set-up for the machinery lifting of scaffolding. The model structure of LCA is designed according to the components and the supply chain for high-rise housing in Nanjing city. The model structure is further validated by LCA experts through several rounds of meetings. In the case study, 1393 kg of steel tubes and 270 kg of steel couplers for double-pole scaffolding were used for a unit area of 100 m 2 . The quantity of scaffold materials used in the high-rise building case study is provided in Table A1 of the Appendix B.
Machinery
The scaffold could be reused 100 times. Based on site data collection, it is estimated that the material wastage rate for steel tubes is 1.8% and 3% for scaffold couplers. For the ISRB method, therefore, it is demonstrated that steel scaffold tubes emit 28,325 kg CO 2 and scaffold couplers emit 6281 kg CO 2 , while the figure for the PRC structure is only 11,525 kg CO 2 and 2555 kg CO 2 , respectively, which is approximately 59.3% lower than that for the ISRB method (see Figure 5 ). This is mainly because no exterior scaffolding was used. Sustainability 2018, 10, x FOR PEER REVIEW 16 of 28 
Assessment of Prefabrication Emissions ( )
The quantities of raw material for the two types of structures are similar. The differences in the material embodied emissions (Eme) are, at best, minimal. This is not a real concern. In relation to the prefabrication process, the PRC shear walls, slabs, and beams need to be fabricated in a weather-resistant precast yard. PRC is a factory-made reinforcement solution in the form of a cage which facilitates the modular construction of structural elements on site. With the benefit of mechanized mass production, controlled bending and welding operations can be carried out by trained specialists in a factory-controlled environment. What's more, customized PRC components can be detailed to suit site conditions and complexity, coupled with experienced technical workers.
For customized mass production, energy consumption primarily comes from machinery operation. Therefore, total prefabrication CO2 emissions (Ep) are estimated according to the electrical power consumption. As illustrated in Figure 6 , PRC manufacturing during the preparation stage emits 25,413 kg CO2, among which, 59.1% (15,014 kg CO2) are produced by reinforcing mesh welding and 23.6% (5,988 kg CO2) is contributed by the operation of the bar bending machine. In comparison, CO2 emissions emitted from the operation of the truss girder welding machine and floor roll forming machine are responsible for 11.3% and 6.0% of the total emissions, respectively, while the difference in carbon emissions emitted by the other operations is less significant. 
Assessment of Prefabrication Emissions (E p )
The quantities of raw material for the two types of structures are similar. The differences in the material embodied emissions (E me ) are, at best, minimal. This is not a real concern. In relation to the prefabrication process, the PRC shear walls, slabs, and beams need to be fabricated in a weather-resistant precast yard. PRC is a factory-made reinforcement solution in the form of a cage which facilitates the modular construction of structural elements on site. With the benefit of mechanized mass production, controlled bending and welding operations can be carried out by trained specialists in a factory-controlled environment. What's more, customized PRC components can be detailed to suit site conditions and complexity, coupled with experienced technical workers.
For customized mass production, energy consumption primarily comes from machinery operation. Therefore, total prefabrication CO 2 emissions (E p ) are estimated according to the electrical power consumption. As illustrated in Figure 6 , PRC manufacturing during the preparation stage emits 25,413 kg CO 2 , among which, 59.1% (15,014 kg CO 2 ) are produced by reinforcing mesh welding and 23.6% (5988 kg CO 2 ) is contributed by the operation of the bar bending machine. In comparison, CO 2 emissions emitted from the operation of the truss girder welding machine and floor roll forming machine are responsible for 11.3% and 6.0% of the total emissions, respectively, while the difference in carbon emissions emitted by the other operations is less significant. 
Assessment of Prefabrication Emissions ( )
For customized mass production, energy consumption primarily comes from machinery operation. Therefore, total prefabrication CO2 emissions (Ep) are estimated according to the electrical power consumption. As illustrated in Figure 6 , PRC manufacturing during the preparation stage emits 25,413 kg CO2, among which, 59.1% (15,014 kg CO2) are produced by reinforcing mesh welding and 23.6% (5,988 kg CO2) is contributed by the operation of the bar bending machine. In comparison, CO2 emissions emitted from the operation of the truss girder welding machine and floor roll forming machine are responsible for 11.3% and 6.0% of the total emissions, respectively, while the difference in carbon emissions emitted by the other operations is less significant. Consequently, the negative environmental impact in mechanical prefabrication processes of PRC systems should be considered in addition to the positive impact. For instance, the systems promote low carbon emissions of manpower. In a factory, waste and unqualified products can be processed locally, which indirectly reduces the consumption of machinery, manpower and materials caused by waste disposal after the completion of construction.
Assessment of Transportation Emissions (E t )
The results comparing the transport scenarios for ISRB and PRC are shown in Figure 7 . The location of the precast yard and the material production factory are the same for the two scenarios because PRC manufacturing can be performed by the rebar manufacturer. In these circumstances, it is found that the transportation emissions of PRC structure (6896.5 kg CO 2 ) are approximately 4.5 times higher than those of ISRB structure (1528.5 kg CO 2 ). The main proportion of the PRC transport emissions is the 10 t truck which emits 5911.6 kg of CO 2 , accounting for approximately 85% of the total transport emissions. Based on the base scenario, variable ratio of CO 2 emissions for other six scenarios of trucks with different tonnages (see Figure 8) shows the 8 t truck (−4.54%) and 16 t truck (−7.77%) are the most carbon-efficient means of PRC transport because of high space utilization. Consequently, the negative environmental impact in mechanical prefabrication processes of PRC systems should be considered in addition to the positive impact. For instance, the systems promote low carbon emissions of manpower. In a factory, waste and unqualified products can be processed locally, which indirectly reduces the consumption of machinery, manpower and materials caused by waste disposal after the completion of construction.
Assessment of Transportation Emissions ( )
The results comparing the transport scenarios for ISRB and PRC are shown in Figure 7 . The location of the precast yard and the material production factory are the same for the two scenarios because PRC manufacturing can be performed by the rebar manufacturer. In these circumstances, it is found that the transportation emissions of PRC structure (6,896.5 kg CO2) are approximately 4.5 times higher than those of ISRB structure (1,528.5 kg CO2). The main proportion of the PRC transport emissions is the 10 t truck which emits 5,911.6 kg of CO2, accounting for approximately 85% of the total transport emissions. Based on the base scenario, variable ratio of CO2 emissions for other six scenarios of trucks with different tonnages (see Figure 8) shows the 8 t truck (−4.54%) and 16t truck (−7.77%) are the most carbon-efficient means of PRC transport because of high space utilization. The main reason for larger transport emissions of the PRC structure is the volume limitations of PRC columns and beams in transportation increasing the total transportation frequency. The capacity of a 10 t truck cannot exceed a cargo volume of 12 m 3 , which means that the truck can carry Consequently, the negative environmental impact in mechanical prefabrication processes of PRC systems should be considered in addition to the positive impact. For instance, the systems promote low carbon emissions of manpower. In a factory, waste and unqualified products can be processed locally, which indirectly reduces the consumption of machinery, manpower and materials caused by waste disposal after the completion of construction.
The results comparing the transport scenarios for ISRB and PRC are shown in Figure 7 . The location of the precast yard and the material production factory are the same for the two scenarios because PRC manufacturing can be performed by the rebar manufacturer. In these circumstances, it is found that the transportation emissions of PRC structure (6,896.5 kg CO2) are approximately 4.5 times higher than those of ISRB structure (1,528.5 kg CO2). The main proportion of the PRC transport emissions is the 10 t truck which emits 5,911.6 kg of CO2, accounting for approximately 85% of the total transport emissions. Based on the base scenario, variable ratio of CO2 emissions for other six scenarios of trucks with different tonnages (see Figure 8) shows the 8 t truck (−4.54%) and 16t truck (−7.77%) are the most carbon-efficient means of PRC transport because of high space utilization. The main reason for larger transport emissions of the PRC structure is the volume limitations of PRC columns and beams in transportation increasing the total transportation frequency. The capacity of a 10 t truck cannot exceed a cargo volume of 12 m 3 , which means that the truck can carry The main reason for larger transport emissions of the PRC structure is the volume limitations of PRC columns and beams in transportation increasing the total transportation frequency. The capacity of a 10 t truck cannot exceed a cargo volume of 12 m 3 , which means that the truck can carry a load of ISRB that is 7.1 times greater than PRC for the columns and beams for each transport. The other components, such as the reinforcing mesh, floor deck or parallel truss, could be piled on top of one another in the truck and the parallel trusses could be separated into smaller parts, the load of which is similar to that of ISRB; therefore, the load difference of other components could be negligible.
In general, horizontal transport emissions are related to the transportation tool selection, the transport routes planning, the cargo limit and the quality and volume of PRC. Vertical transport emissions are primarily dependent on the lifting equipment and arrangement of lifting process. The main proportion of the PRC transport emissions is the 10 t truck, and the negative impact of PRC systems of the transportation process should be taken into account.
Assessment of On-Site Construction Emissions (E c )
4.3.1. Assessment of Workforce Emissions (E wk , E s−wk ) CO 2 emissions of the workforce are rarely considered in the general CO 2 emission assessments of buildings. In fact, a reduction in labor force can make a project more environmentally beneficial and cost effective. As a result, it should be considered when setting up a carbon inventory. Based on the energy consumption statistics mentioned in Section 2.2.2, every man-day defined as an 8-h day for one rebar worker emits 0.95 kg of CO 2 emissions.
As for ISRB construction, 1 m 3 of concrete components, including rebar, requires 5.50 man-days, while using OC-PRC construction method, 1 m 3 concrete work requires 3.025 man-days. Overall, for 1 m 3 of concrete components, the OC-ISRB method requires 1.82 times man-days more than OC-PRC. Figure 9 indicates that the ISRB construction workforce for a shear wall emits 482 kg CO 2 , while with the in-situ PRC construction method the value is only 265 kg CO 2 , which is just 45% lower than that of ISRB. The workforce for floor slabs and beams of PRC contributes a similar proportion of carbon reduction. In conclusion, the highest contribution of CO 2 emissions comes from workers assembling shear walls. In comparison with the OC-ISRB method, the OC-PRC method requires less on-site skilled labor for assembly, thereby increasing the pace of construction.
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Assessment of the Machinery Emissions from Structure
For industrialized assembly, due to the larger and heavier structural components, almost all the components need to be lifted by crane. Therefore, to ensure efficient operation, large cranes are necessarily required during the construction process in order to lift heavy and large construction materials and components, which help to improve the utilization of working hours, quicken the pace of construction, and ensure safe operations. The tower crane energy consumption is the reason for the increased CO 2 emissions from machinery, especially for the shear walls and floors.
Electricity and diesel are the major contributors to CO 2 emissions on site. Figure 10 indicates that the emissions from machinery and equipment elevators account for 39.61% and 30.35% of the total emissions for the ISRB and PRC method, respectively. Among all the energy consumptions, the primary usage of elevators for the transportation of workers takes up the largest proportion; the second largest is the movement of cargo, and the third is the climbing tower crane QTZ80 used for lifting.
With the ISRB method, the CO 2 emissions from the direct current welder, angle bending machine, bar cutter, and butt-welder account for 18.23%, 11.52%, 8.11% and 6.17% of the total emissions, respectively, due to the consumption of electricity. In terms of diesel consumption, the CO 2 emissions from the 10 t truck account for approximately 1.51%. Although the PRC method reduces the machine operations for cutting, welding, bending, and straightening, the direct current welder contributes the most CO 2 emissions due to its higher power and mechanical utilization rate.
Overall, the CO 2 emissions from machinery and equipment for rebar are 32,136 kg CO 2 in the OC-ISRB site, while the amount for OC-PRC 23,072 kg CO 2 on the OC-PRC site, representing an emission reduction of 28.13%. In the machinery category, the CO 2 emissions from the climbing tower crane QTZ80 are 4754 kg CO 2 for the OC-ISRB scenario and 2915 kg CO 2 for the OC-PRC scenario, the latter is 38.67% lower than the former. As for conventional construction methods, the rebar is tied into standard bundles prior to lifting in order to prevent bars or bundles from being dropped. This process requires more time than that of PRC because the customized rebar components require little tying. Another cause for the increase of CO 2 emissions using the RC method is that it is inappropriate to carry too many loose bars in one lift. necessarily required during the construction process in order to lift heavy and large construction materials and components, which help to improve the utilization of working hours, quicken the pace of construction, and ensure safe operations. The tower crane energy consumption is the reason for the increased CO2 emissions from machinery, especially for the shear walls and floors. Electricity and diesel are the major contributors to CO2 emissions on site. Figure 10 indicates that the emissions from machinery and equipment elevators account for 39.61% and 30.35% of the total emissions for the ISRB and PRC method, respectively. Among all the energy consumptions, the primary usage of elevators for the transportation of workers takes up the largest proportion; the second largest is the movement of cargo, and the third is the climbing tower crane QTZ80 used for lifting.
With the ISRB method, the CO2 emissions from the direct current welder, angle bending machine, bar cutter, and butt-welder account for 18.23%, 11.52%, 8.11% and 6.17% of the total emissions, respectively, due to the consumption of electricity. In terms of diesel consumption, the CO2 emissions from the 10 t truck account for approximately 1.51%. Although the PRC method reduces the machine operations for cutting, welding, bending, and straightening, the direct current welder contributes the most CO2 emissions due to its higher power and mechanical utilization rate.
Overall, the CO2 emissions from machinery and equipment for rebar are 32,136 kg CO2 in the OC-ISRB site, while the amount for OC-PRC 23,072 kg CO2 on the OC-PRC site, representing an emission reduction of 28.13%. In the machinery category, the CO2 emissions from the climbing tower crane QTZ80 are 4,754 kg CO2 for the OC-ISRB scenario and 2,915 kg CO2 for the OC-PRC scenario, the latter is 38.67% lower than the former. As for conventional construction methods, the rebar is tied into standard bundles prior to lifting in order to prevent bars or bundles from being dropped. This process requires more time than that of PRC because the customized rebar components require little tying. Another cause for the increase of CO2 emissions using the RC method is that it is inappropriate to carry too many loose bars in one lift. As is shown in Figure 10 , the highest levels of CO2 emissions relate to the highest mechanical usage. In addition, the SCD200 construction elevators have a reduction in emissions for the OC-PRC site of 45% compared to OC-ISRB site because less on-site skilled labor is required for assembly. Thus, it can be observed that the machinery emissions for the ISRB structure are higher than those for the PRC structure. As is shown in Figure 10 , the highest levels of CO 2 emissions relate to the highest mechanical usage. In addition, the SCD200 construction elevators have a reduction in emissions for the OC-PRC site of 45% compared to OC-ISRB site because less on-site skilled labor is required for assembly. Thus, it can be observed that the machinery emissions for the ISRB structure are higher than those for the PRC structure. 
Assessment of the Machinery Emissions from Scaffolding
For the scenario OC-PRC, the total weight of steel tubes and scaffold couplers are 232 t and 45 t, respectively, and for scenario OC-ISRB, which are 569 t and 110 t (Table 9) , respectively.
The maximum length of the layout plan is 46 m, and the maximum weight of the components to be lifted is less than 1.3 t; thus, the QTZ80 (TC6013A-6) crane is suitable for the task. (Details of the energy consumption of the climbing tower crane QTZ80 is listed in Table A3 of the Appendix C).
In the case study, the maximum lifting height is 90 m and the lifting speed is 40 m per minute; thus, the lifting time can be calculated as 90 m/40 (m/min) = 2.25 min. The radius changing time is 1 min while half the main boom length is 30 m and the radius changing speed is 30 m per minute. The rotating time is 1.96 min for a 1/4 circle rotation (π/2) when the rotating speed is 0.8 r/min. The up and down lifting time is estimated as (2.25 min + 1 min + 1.96 min) × 2 = 10.42 min, and the climbing tower crane can lift 5.76 times in one hour. It can be calculated as 46.08 lifting times over an 8-h day (equal to one machine-shift).
The scaffolding is mainly lifted by climbing tower crane and the crane lifts 1 t per lift in the ISRB scenario. In China, a machine-shift is normally defined as an 8-h day. Therefore, the machine operation time required for 679 t weight is 679 t/1 (t/times)/46 (times/day) = 15 days (equal to 15 machine-shifts). In the same way, for the PRC scenario, 6 machine-shifts are required for lifting scaffolding. As a result, the OC-PRC method can achieve 58.7% carbon reduction from lifting, as presented in Figure 11 . For the scenario OC-PRC, the total weight of steel tubes and scaffold couplers are 232 t and 45 t, respectively, and for scenario OC-ISRB, which are 569 t and 110 t (Table 9) , respectively.
The maximum length of the layout plan is 46 m, and the maximum weight of the components to be lifted is less than 1.3 t; thus, the QTZ80 (TC6013A-6) crane is suitable for the task. (Details of the energy consumption of the climbing tower crane QTZ80 is listed in Tables A3 of the appendix).
In the case study, the maximum lifting height is 90 m and the lifting speed is 40 m per minute; thus, the lifting time can be calculated as 90 m/40 (m/min) = 2.25 minutes. The radius changing time is 1 minute while half the main boom length is 30 m and the radius changing speed is 30 m per minute. The rotating time is 1.96 minutes for a 1/4 circle rotation (π/2) when the rotating speed is 0.8 r/min. The up and down lifting time is estimated as (2.25 minutes + 1 minutes + 1.96 minutes) × 2 = 10.42 minutes, and the climbing tower crane can lift 5.76 times in one hr. It can be calculated as 46.08 lifting times over an 8-hr day (equal to one machine-shift).
The scaffolding is mainly lifted by climbing tower crane and the crane lifts 1 t per lift in the ISRB scenario. In China, a machine-shift is normally defined as an 8-hr day. Therefore, the machine operation time required for 679 t weight is 679 t/1 (t/times)/46 (times/day) = 15 days (equal to 15 machine-shifts). In the same way, for the PRC scenario, 6 machine-shifts are required for lifting scaffolding. As a result, the OC-PRC method can achieve 58.7% carbon reduction from lifting, as presented in Figure 11 . 
Comparison of Total CO2 Emissions ( )
Based on the cradle-to-site LCA over the three stages, the adoption of the PRC construction method can lead to carbon emission reductions when compared to cast-in-situ ISRB. Figure 12 reveals that for the component prefabrication process, the increase of CO2 emissions for factory-manufactured PRC components is 3%, and for material transportation, the increase of emissions is 331.3%. For other elements, the carbon reduction for scaffolding in PRC construction is 59.5%, the reduced workforce and machinery operations result in a reduction by 44% and 28.1%, respectively. These results reveal that construction machinery and equipment, workforce, and scaffolding are the key contributors (reductions of 9 t CO2, 11 t CO2, and 22 t CO2, respectively) to carbon reductions, and the adoption of PRC construction technology in a high-rise building project can reduce CO2 emissions by 1.24% overall, as demonstrated in Table 10 , while the influence of increased PRC emissions is less important during the prefabrication process. 
Comparison of Total CO 2 Emissions (E cts )
Based on the cradle-to-site LCA over the three stages, the adoption of the PRC construction method can lead to carbon emission reductions when compared to cast-in-situ ISRB. Figure 12 reveals that for the component prefabrication process, the increase of CO 2 emissions for factory-manufactured PRC components is 3%, and for material transportation, the increase of emissions is 331.3%. For other elements, the carbon reduction for scaffolding in PRC construction is 59.5%, the reduced workforce and machinery operations result in a reduction by 44% and 28.1%, respectively. These results reveal that construction machinery and equipment, workforce, and scaffolding are the key contributors (reductions of 9 t CO 2 , 11 t CO 2 , and 22 t CO 2 , respectively) to carbon reductions, and the adoption of PRC construction technology in a high-rise building project can reduce CO 2 emissions by 1.24% overall, as demonstrated in Table 10 , while the influence of increased PRC emissions is less important during the prefabrication process. Figure 12 . Carbon increases and reductions for the five categories in three stages.
Discussion
The material of reinforced concrete structures has developed a lot since the 1990s in China, and its construction method has matured over the past decade. However, the development of rebar construction technology is still relatively backward as a result of employing large-scale cheap labor. This study, in turn, attempts to re-examine the rebar approach, and raises the question of whether the emerging PRC construction method would make up the weaknesses of traditional ISRB, and whether it would be sustainable and environmentally friendly. This study proposes a CO2 assessment of the emerging PRC method for three stages which contributes a strong promotion for the healthy and rapid development of low-carbon high-rise buildings in China.
Carbon Reduction Measures
Measures for Material Preparation Stage
The assessment of material preparation emissions data revealed that the current prefabrication process had a negative influence on carbon reduction in this study. For customized mass production, energy consumption primarily comes from machinery operation for automatic manufacturing. About 59.1% of carbon emissions (15,014 kg) are produced by reinforcing mesh welding. However, the prefabrication process would have a significantly positive effect on construction emissions, for in the factory-controlled environment, waste and unqualified products could be processed locally, which indirectly reduces the consumption of machinery, manpower and materials caused by waste disposal during the process of on-site construction.
More strategies should be used to reduce the negative environmental impact in mechanical manufacturing processes in the future, including: 1) The machining efficiency should be enhanced as much as possible, especially for reinforcing mesh welding; 2) The quality of products should be improved to avoid repeated mechanical operation; 3) The optimization of processing technology might avoid the waste of materials; 4) Mass production might reduce the mechanical carbon 
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Carbon Reduction Measures
Measures for Material Preparation Stage
More strategies should be used to reduce the negative environmental impact in mechanical manufacturing processes in the future, including: (1) The machining efficiency should be enhanced as much as possible, especially for reinforcing mesh welding; (2) The quality of products should be improved to avoid repeated mechanical operation; (3) The optimization of processing technology might avoid the waste of materials; (4) Mass production might reduce the mechanical carbon emission per unit time; (5) Reasonable utilization of recyclable, reusable materials in situ is crucial for carbon reduction.
Measures for Transportation Stage
In general, the negative impact of PRC systems of the transportation process should be considered. A 10 t truck contributes the main proportion of the PRC transport emissions, i.e., 5911.6kg CO 2 , accounting for approximately 85% of the total transport emissions. It is for this reason that the volume (12 m 3 ) of a 10 t truck is limited, PRC columns and beams are transported 7.1 more times than that of ISRB system. More importantly, CO 2 emissions from the horizontal transport are estimated based on diesel consumption.
Future designs should take some strategies into consideration: (1) Making reasonable transport routes to reduce transport emissions produced by consumption of diesel. (2) It is necessary to choose a reasonable transport vehicle, considering the limitation of height, width and turning radius, as well as relevant regulations of traffic management. (3) The size and weight of the PRC components should be optimized to save transport times.
What's more, better control of vertical transport emissions primarily depends on the appropriate arrangement of lifting planning, including (1) reasonable choice of lifting equipment with appropriate energy consumption; and (2) rational arrangement of lifting process in order to improve assemble efficiency.
Measures for On-site Construction Stage
Measures for Workforce
In comparison with the OC-ISRB method, the OC-PRC method requires less on-site skilled labor for assembly, thereby making a project environmentally friendly. The largest contribution of CO 2 emissions comes from rebar work for assembling shear walls, which accounts for the largest proportion in a project. The structure node is well designed to reduce the joints processing, which not only improves the assembly efficiency, but also effectively decreases the amount of workforce. Consequently, the OC-PRC method has a significant positive effect on construction emissions.
Measures for Machinery
Overall, the CO 2 emissions (32,136 kg CO 2 ) from machinery and equipment for rebar realize a reduction by 28.13%. Among all the energy consumptions, the largest proportion is coming from the usage of elevators for the transportation of workers; the second largest proportion comes from the movement of cargo, and the third the climbing tower crane used for lifting. Electricity and diesel are the major contributors on site.
In addition to other causes such as less loose bars for vertical transport, less on-site skilled labor is a primary factor for the decrease of CO 2 emissions from elevators. Moreover, there would be another two reasons for the decrease of CO 2 emissions when lifting PRC by the climbing tower crane: (1) Customized rebar components require little tying; (2) Compared to ISRB method, PRC components require less hoisting times. In terms of connecting joints, the direct current welder contributes the most CO 2 emissions due to its higher power and mechanical utilization rate, while it causes fewer emissions than ISRB for fewer joining activities.
There might be several strategies to promote the positive environmental impact on site construction processes: (1) improving the design of joints to reduce the connecting time and achieve lower carbon emission of machinery operation; (2) optimizing assembly process to ensure that the each component is accurately positioned so as to save redundant energy consumption of adjustment; (3) choosing the equipment with higher energy efficiency ratio and reasonable power consumption; (4) optimizing the type of mechanical equipment and decreasing the idling frequency of machinery; and (5) improving the mechanical efficiency of the tower crane.
Time Duration
For the case study, it is projected that the construction of a standard floor would take 8 days with PRC method, and the whole construction work would be end in 216 days. In comparison, it would take 14 days for a standard floor and 378 days for the whole project using conventional construction methods. The use of ready-to-install PRC components can reduce the duration of construction significantly, i.e., by 40%.
Electricity Savings on Construction Site
It is assumed that the temporary accommodation of dimensions 6.3 m × 3.6 mm × 3.0 mm, with two 15 W light bulbs and a 75 W electric fan, is required for workers on site during the construction process. Each mobile home with a floor area of 22.68 m 2 can accommodate 7 workers and will consume electricity for 6 h (see Table 11 ). Due to the workforce savings of 442.1 man-days (equal to the savings of 442.1/7 = 63.16 units of mobile homes) for a typical floor, (30 W + 75 W) × 6 h × 63.16 = 39.79 kWh can be saved so that for a construction rate per 14 days per floor, 39.79 kWh × 14 days = 557.06 kWh can be saved. Overall, a 27-storey building could achieve electricity savings of 10,266.68 kWh and an emission reduction of 10.3 t CO 2 . 
Conclusions
PRC is an environmentally-friendly construction method when compared to conventional ISRB. The study investigates the difference of CO 2 emissions between the two different construction methods based on partial LCA from cradle-to-site. A case study of a high-rise building project in Nanjing is used to investigate six scenarios with three comparison stages, i.e., material preparation, transportation, and on-site construction, and three types of structural components, i.e., shear wall, slab, and beam.
The application of PRC construction technology can reduce carbon emissions compared with ISRB. On the material preparation stage, the precast method results in an increase of 3% CO 2 emissions because of more energy generated from machinery operation for automatically manufacturing in factory. On the transportation stage, the adoption of prefabrication results in an increase of 5.3 t CO 2 emissions due to that the volume limitation (12 m 3 ) of a 10 t truck increases the transport frequency. During the on-site construction stage, the CO 2 emissions from machinery and the workforce can be reduced by 35.1%. The better performance of PRC is attributed to decreased hoisting frequency and lower mechanical utilization for fewer joining activities. In total, the adoption of PRC construction technology in the case study of high-rise building project can reduce CO 2 emissions by 1.24%.
Additionally, for scaffolding, it is estimated that the material embodied emissions for the PRC scenario can achieve a carbon reduction by approximately 59.3%, and the CO 2 emissions from machinery could be reduced by 58.7%, because no exterior scaffolding would be used. Furthermore, the duration of construction can be reduced by 40%, and approximately 1.39% (386.7 GJ) of overall energy consumption can be saved using PRC. In relation to the electricity consumption on the construction site, 10.27 MWh of power consumed by temporary accommodation could be saved, offering a reduction of 10.3 t of CO 2 emissions.
Some study related to PRC involved structure and performance analysis (such as dynamic analysis of the stress of PRC in the process of concrete pouring [48] , or high-strength concrete columns reinforced with PRC [19] ), construction technology [49] and economic evaluation [20] . Reinforcement industrialization is an emerging issue, while, based on the research findings, it was found that the PRC construction method can offer a better environmental performance. For a relatively large amount of construction in China, the technology would have great potential for carbon reduction. Therefore, it is highly recommended that the PRC framework be adopted in high-rise buildings. The building industry should consider the positive carbon reduction effect as a benefit of PRC, which should be incorporated into the Assessment Standard for Green Buildings and LEED. The government should provide more incentives to encourage the adoption of PRC in high-rise buildings.
Limitations and Future Work
Apart from other studies that only consider the quantity of materials used in a construction project [50, 51] , the present study establishes a model including detailed construction methods of PRC components according to the structural groups of a high-rise building. There are some clear benefits, such as the innovative construction technology and construction process development, both of which operate in a more sustainable manner, but the collection of detailed data and material quantities requires considerable time. In addition, the proposed LCA model helps to justify stakeholder decisions with respect to material preparation, transportation, and on-site construction data inputs in relation to the PRC method. In future, the full life circle study should be given to provide a more comprehensive analysis.
Currently, the joint connection of PRC is not flexible, accurate and efficient enough for the free-form surface architecture [49] . Furthermore, during the prefabrication process, the efficiency of automatic production for PRC is not very high, so manual labor is still needed. In the future, VR (virtual reality) method could be used to improve the efficiency and customized flexibility [52] .
The study compares the construction methods for the ISRB and the PRC construction method. In order to further explore the CO 2 emissions for the prefabrication process, buildings with various precast methods should be studied, as they could provide more information to establish a benchmark system for the carbon auditing of prefabricated construction processes for high-rise buildings.
Presently, prefabricated construction is supported by the government of China due to the reduction in construction time and waste, improved quality, and better safety performance, while the benefits of carbon reduction are still excluded from the rationale. Future research can strength the investigation of this point; the more CO 2 emissions can be reduced by adopting PRC, the more environment benefits can be achieved for the Chinese construction industry. As a result, this construction method could be included as another point for credits in the Assessment Standard for Green Buildings. where E v1 and E v2 represent the carbon emissions of the twice vertical transport; GE f represents the fuel consumption rate of type f machine used in vertical transport of a component; P f represents rated power of type f machine; T f represents the unit working time of type f machine; ρ f represents the energy density of type f machine; EF f represents the carbon emission factor of energy consumption of type f machine; and N c represents the number of shear wall PRC, floor slab PRC, beam PRC, and auxiliary components. 
where E h−1 represents the carbon emissions of the horizontal transport in PRC construction method; m c represents the quality of structural components, including shear wall PRC, floor slab PRC, beam PRC, and auxiliary components; w c represents the loss rate of structural components during transportation and construction; S c represents the transport distance of structural components; U c represents the unit energy consumption for transporting structural components; and EF c represents the carbon emission factor of transport tool energy consumption for structural components. Equation (5b) is used for calculating PRC components transport, while the detailed equations E h−1 for conventional transport were estimated by Zhang, X. [26] . Note: In the case study, 1393 kg of steel tube and 270 kg of steel coupler for double-pole scaffold were adopted. 
Appendix B. Data Used in Case Study
